In patients with diffuse large B-cell lymphoma, MYC rearrangement (MYC-R), MYC expression, or concurrent expression of MYC and BCL2 is associated with a poorer prognosis. P53 expression also has been shown to confer inferior survival in diffuse large B-cell lymphoma patients, but less is known about the role of P53 expression in those with MYC-R, MYC expression (MYC+), or MYC&BCL2 co-expression (MYC+/BCL2+). We studied P53 expression in 201 patients with untreated de novo diffuse large B-cell lymphoma. Sixty-seven (33%) cases were P53 positive, 56 (28%) had MYC-R (including 17 MYC/BCL2 double hit lymphoma), 86 (45%) were MYC +/BCL2+, and 47 (24%) were positive for both MYC and P53. Compared with patients with P53 negative lymphoma, the P53 positive group had a poorer overall survival (P = 0.004). In patients with lymphoma harboring MYC-R, MYC expression or MYC+/BCL2+, P53 expression was associated with a significantly worse overall survival (Po0.0001, P = 0.01, and P = 0.035, respectively). Patients with lymphoma showing concurrent P53 expression and MYC-R had a worse prognosis compared with patients with either P53 expression or MYC-R alone (Po0.0001). Similarly, P53 enhanced the negative prognostic effect of MYC expression in DLBCL patients. In addition, among patients with lymphoma with concurrent MYC and P53 expression, MYC and BCL2 or BCL2 & P53 expression, those patients with tumors with MYC and P53 expression had the worst overall survival (P = 0.005), regardless of BCL2 expression status. Multivariate analysis demonstrated that both MYC-R and P53 expression were independent prognostic factors in this patient cohort. In conclusion, our data suggest that P53 expression and MYC -R or MYC expression have an additive negative prognostic effect in diffuse large B-cell lymphoma patients. Assessment of P53 expression adds additional prognostic information in de novo diffuse large B-cell lymphoma patients, especially in subgroups with MYC-R, MYC expression and MYC and BCL2 double expression. Modern Pathology (2017) 30, 194-203; doi:10.1038/modpathol.2016 published online 14 October 2016 Diffuse large B-cell lymphoma is the most common type of non-Hodgkin lymphoma worldwide. 1 Cyclophosphamide, hydroxydaunorubicin, vincristine, and prednisone (CHOP) has been the backbone of standard therapy for over four decades. The addition of rituximab to CHOP improved the 5-year overall survival, however,~40% of patients show primary refractory or disease relapse and have a poor prognosis. As the category of diffuse large B-cell lymphoma is highly heterogeneous and patients have variable outcomes, risk stratification of diffuse large B-cell lymphoma patients is an area of intense interest. The most commonly used prognostic
predictors for diffuse large B-cell lymphoma patients are the International Prognostic Index (IPI) 2, 3 and the cell-of-origin classification (germinal center B-cell vs activated B-cell like). 4 However, these tools do not completely account for the underlying tumor biology within each risk group. Therefore, additional biomarkers are needed to guide prognostic assessment and identify highest-risk patients for novel treatment approaches.
MYC has an important role in lymphomagenesis and has been well studied in diffuse large B-cell lymphoma. MYC is a transcription factor that is involved in cell cycle regulation, cell metabolism, mitochondrial biogenesis, nucleic-acid synthesis, and apoptosis. MYC translocation can upregulate many genes with growth-promoting effects resulting in exuberant cell proliferation. In addition to its proproliferative effect, studies also have shown that MYC upregulation is pro-apoptotic, limiting cell proliferation. [5] [6] [7] [8] MYC is rearranged, usually as a result of chromosomal translocation, in a number of different types of B-cell lymphoma including 10-15% of diffuse large B-cell lymphoma. 9 In a subset of cases of diffuse large B-cell lymphoma with MYC rearrangement (MYC-R), BCL2 translocation also can occur, which results in MYC/BCL2 double-hit lymphoma. Presumably, overexpression of the anti-apoptotic protein BCL2 together with MYC expression leads to uncontrolled cell proliferation. Previous studies have shown that patients with diffuse large B-cell lymphoma with MYC-R or MYC/BCL2 double hit have clinically aggressive disease and a poorer prognosis. 6, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Recent studies using immunohistochemical analysis have identified a subset of diffuse large B-cell lymphoma cases that express MYC and BCL2, known as double-positive lymphoma or double expresser lymphoma. Dual expression of MYC and BCL2 (MYC+/BCL2+) has been shown to be associated with a worse prognosis in patients with de novo diffuse large B-cell lymphoma treated with R-CHOP. 22, 23 However, MYC/BCL2 double hit lymphoma and double-positive lymphoma are not concordant; double-positive lymphoma is much more common (20-30% of diffuse large B-cell lymphoma) than double hit lymphoma (~10% of diffuse large B-cell lymphoma) and not all cases of double hit lymphoma express both MYC and BCL2.
TP53 is one of the most important molecular markers in cancer including diffuse large B-cell lymphoma. TP53 is a well-known tumor suppressor gene that is involved in many cell functions including cell cycle arrest, DNA repair, and activation of the pro-apoptotic machinery if cell repair mechanisms fail. Therefore, loss of normal P53 activity is related to lymphomagenesis and mediates tumor resistance to chemotherapy. TP53 is commonly mutated across different cancer types. In patients with diffuse large B-cell lymphoma,~20% of cases are mutated and most TP53 mutations are thought to disrupt protein function and lead to disease progression. 24, 25 Previous studies have shown that TP53 mutation correlates with overexpression of P53 as shown by immunohistochemical assessment. Overexpression of P53 may be used as a surrogate of TP53 mutation and also is associated with poorer prognosis in patients with diffuse large B-cell lymphoma. 24, [26] [27] [28] [29] [30] However, little is known about the frequency of P53 expression, its prognostic role, and the significance of P53 expression in patients with diffuse large B-cell lymphoma with MYC-R, MYC expression, MYC/BCL2 double hit lymphoma, or MYC and BCL2 coexpression. In this study we evaluated P53 expression and its prognostic impact in diffuse large B-cell lymphoma and specifically addressed P53 expression in cases of MYC/BCL2 double hit lymphoma, MYC +/BCL2+, and diffuse large B-cell lymphoma with MYC-R or MYC expression.
Materials and methods

Case Selection
The archives of Vanderbilt and MD Anderson were searched for cases of de novo untreated DLBCL from 2010 to 2015 in which MYC status was tested by fluorescence in situ hybridization (FISH) analysis and/ or conventional cytogenetic analysis during routine diagnostic workup. The diagnosis of diffuse large B-cell lymphoma was based on the 2008 World Health Organization (WHO) criteria. 1 The following cases were excluded: (1) patients with a history of low-grade B-cell lymphoma; (2) post-transplant lymphoproliferative disorders or lymphomas arising in other immunocompromised situations; (3) primary mediastinal large B-cell lymphoma; (4) primary diffuse large B-cell lymphoma of the central nervous system; and (5) EBVpositive diffuse large B-cell lymphoma. A total of 201 cases with material available for further immunohistochemical analysis were included in this study. Corresponding medical records were reviewed to obtain clinical information, including history of lymphoma, number and sites of involvement, Ann Arbor stage, IPI, treatment regimens, response to therapy, and overall survival. Morphological, immunophenotypic, and cytogenetic data were reviewed to confirm the diagnosis. The study was approved by the institutional review boards.
Immunophenotyping
Immunohistochemical analysis was performed using formalin-fixed, paraffin-embedded tissue sections either at the time of diagnosis or retrospectively for this study. The panel of monoclonal antibodies included reagents specific for CD3 and CD20 (Ventana Medical Systems, Tucson, AZ, USA); CD5, CD10, BCL2, BCL6, and MUM1 (Leica Microsystems, Buffalo Grove, IL, USA); Ki-67 (MIB-1) (DAKO, Carpenteria, CA, USA); MYC (Epitomics, Burlingame, CA, USA) and P53 (Leica Biosystems, Newcastle, United Kingdom). Positivity for MYC, BCL2, and P53 expression was defined by using cutoffs of ≥ 40, ≥ 50, and ≥ 50% positive cells, respectively, as reported in previous studies. 19, 21, 23, 31, 32 Flow cytometric immunophenotypic analysis was performed using 8-color flow cytometry. A FACScanto II or FACSCalibur cytometer (Becton-Dickinson Biosciences, San Jose, CA, USA) was used for analysis as described previously. 31 Lymphocytes were gated using side scatter vs forward scatter, and CD45 expression vs side scatter. Antibody panels used included those specific for CD3, CD4, CD5, CD7, CD8, CD10, CD19, CD20, CD23, CD33, CD38, and immunoglobulin kappa and lambda light chains. All antibodies were obtained from BectonDickinson Biosciences.
Conventional Cytogenetic Studies & FISH
Conventional G-band karyotype analysis was performed on 24 cases using cell suspensions of lymph node, extranodal tissue biopsy specimens, or bone marrow aspirate specimens. The karyotypes were reported according to the 2013 International System for Human Cytogenetic Nomenclature. 33 FISH analysis was performed on all cases using a LSI MYC dual-color break-apart probe, and on most cases using LSI IGH@BCL2 dual-color, dual fusion probes, and LSI BCL6 dual color break-apart probe (Abbott Laboratories, Des Plaines, IL, USA). For formalin-fixed, paraffin-embedded tissue samples, FISH was performed on 4-μm tissue sections and fixed onto slides as per the manufacturer's protocols. For bone marrow aspirate specimens, FISH was performed by using a freshly dropped slide from a harvested bone marrow aspirate specimen or a G-banded slide for metaphase mapping according to the manufacturer's instructions. The signals from 200 nuclei were analyzed. The cutoffs for considering a tumor sample rearranged for MYC, BCL2, and BCL6 were different in bone marrow smears vs fixed, paraffin-embedded tissue sections. However, these cutoffs were low (all ≤ 5%) and all cases in this study with MYC and/or BCL2 rearrangement had abnormal signals present in 425% of all nuclei assessed. In earlier years, MYC, BCL2, and BCL6 FISH were performed together for a given newly diagnosed DLBCL case. However, our guidelines switched to only perform MYC FISH initially, and if positive then add on BCL2 and BCL6 in the recent 1-year interval. Therefore, BCL2 and BCL6 FISH were not performed in a small subset of cases.
Statistical Analysis
Overall survival was calculated by measuring the time elapsed from the date of diagnosis until the date of death or last patient follow-up. Patient overall survival was analyzed by the Kaplan-Meier method and compared using the log-rank test. Multivariate analysis was performed using Cox proportional hazards model. Statistical analysis was performed using SPSS 23 software. Differences in P53 positive (≥50%) vs negative (o 50%) groups were analyzed using the Fisher exact test. A P-value of o 0.05 was considered statistically significant.
Results
Clinicopathologic Characteristics
The study group included 132 men and 69 women with a median age of 64 years (range, 18-92). One hundred and twenty (60%) patients were 60 years or older. One-third of patients had ≥ 2 extranodal sites of disease, 25% had bone marrow, and 20% had central nervous system involvement by lymphoma. The serum LDH level was increased in 57% of patients. Two-third of patients had stage III/IV disease and 56% belong to high-intermediate to high IPI categories. A total of 174 patients received immunochemotherapy: 106 received R-CHOP, 57 were treated with rituximab, etoposide, prednisone, vincristine, cyclophosphamide, and doxorubicin (R-EPOCH), and 11 received rituximab plus hyperfractionated cyclophosphamide, vincristine, doxorubicin, dexamethasone alternating with cytarabine and methotrexate (R-hyper-CVAD/Ara-C/MTX). Of these 174 patients, 17 received a stem cell transplant including 13 autologous and 4 allogeneic. The distribution of these 17 patients were not significantly different between the P53 ≥ 50% and o 50% groups (Table 1 , P = 0.27), or between the MYC-R+ and MYC-R − groups (n = 5 vs 12, P = 1.00). Therefore, they were included in further survival analysis. Twenty-seven patients received non-rituximab based treatment or lacked adequate clinical follow-up information and therefore are not included in further survival analysis.
P53 immunohistochemistry assessment showed nuclear expression with variable intensity. P53 expression (≥50% of cells) was observed in 67 of 201 (33%) cases, including 23 with MYC-R (10 double hit lymphoma, 11 with neither BCL2 nor BCL6 rearrangement, and 2 with unknown BCL2 and BCL6 status) and 44 without MYC-R (five with BCL2-R, 9 with BCL6-R, and the remaining cases with neither BCL2-R nor BCL6-R or unknown status). Defined by immunohistochemistry, these 67 P53+ cases included 36 MYC and BCL2 double-positive lymphoma (Figure 1 ), 11 with MYC but no BCL2 expression, 15 with BCL2 but no MYC expression, and 5 with neither MYC nor BCL2 expression. Compared with patients with diffuse large B-cell lymphoma without P53 expression, those with P53 expression had an increased frequency of elevated serum LDH level, central nervous system involvement, MYC expression, and MYC and BCL2 dual expression (Po0.05, Table 1 ). All other clinicopathologic features were similar between the P53+ and P53 − groups (P40.05, Table 1 P53 expression was present in 67 of 201 (33%) diffuse large B-cell lymphoma patients. P53 expression was associated with a significantly poorer overall survival, with a median overall survival of 40 months in the P53+ group vs not reached in P53 − group (Figure 3a , P = 0.006). The prognostic significance of P53 expression was further analyzed in known aggressive subsets of diffuse large B-cell lymphoma patients. In 56 patients who had diffuse large B-cell lymphoma associated with MYC-R, P53 expression was associated with a significantly worse overall survival compared with those without P53 expression (median OS 7.4 vs 67 months, Po0.0001; Figure 3b ). This effect was not affected by BCL2 status (P = 0.24, Figure 3c ). Analysis in the subgroup of patients with MYC/BCL2 double hit lymphoma showed a similar effect although the P-value was borderline, perhaps owing to the limited number of cases (P = 0.06; Figure 3d ). Similarly, in 106 patients with diffuse large B-cell lymphoma associated with MYC expression, P53 expression conferred a poorer OS (P = 0.015, Figure 3e ). In 86 patients with MYC/BCL2 double expression lymphoma, the 36 patients with tumors also positive for P53 expression had a shorter overall survival compared with 50 patients with double expression lymphoma but without P53 expression (20 vs 67 months, P = 0.035; Figure 3f ). The prognostic significance of P53 expression was further analyzed in patients with diffuse large B-cell lymphoma harbor BCL2-R or BCL6-R. When all cases with BCL2-R or BCL6-R were included, P53 expression predicted a worse overall survival in patients with BCL2-R tumors (P = 0.046) and a trend toward worse overall survival in patients with BCL6-R tumors (P = 0.063), however, these effects were lost when cases with MYC-R were excluded (P = 0.50 and P = 0.32, respectively), suggesting those prognostic effects were actually related to the presence of MYC-R. 
P53 Augments the Negative Prognostic Effect of MYC-R or MYC Expression
MYC-R, MYC expression and P53 expression all have a negative prognostic effect in patients with diffuse large B-cell lymphoma, as shown above. In patients with diffuse large B-cell lymphoma characterized by both P53 expression and MYC-R (Figure 4a ), the OS was significantly worse than for patients with diffuse large B-cell lymphoma associated with only MYC-R or P53 augments prognostic effect of MYC in DLBCL P53 expression (Po0.0001). P53 expression was not associated with a significant worse overall survival in patients with diffuse large B-cell lymphoma without MYC-R. In patients with P53p-negative diffuse large B-cell lymphoma, cases with MYC-R had a similar overall survival compared with those without MYC-R (Figure 4a ). These results suggest that P53 expression enhanced the negative prognostic effect of MYC-R.
Patients with diffuse large B-cell lymphoma without MYC and P53 expression had the best overall survival ( Figure 4b) ; those with only P53 or MYC expression had a worse overall survival; and patients with lymphoma showing both P53 and MYC expression had the poorest OS, significantly worse than patients with tumors with only P53 or MYC expression (P o0.0001). These results suggest that P53 expression intensified the negative prognostic effect of MYC expression. In addition, MYC expression was associated with P53 expression: MYC expression was present in 47 of 67 (70%) diffuse large B-cell lymphoma cases with P53 expression, significantly more common than that seen in cases that lacked of P53 expression (59 of 125; 47%) (P = 0.002, Table 1 ). Further analysis showed that patients with lymphoma positive for both MYC and P53 (with or without BCL2 expression) had significantly worse overall survival compared with patients with MYC/ BCL2 double-positive lymphoma without P53 expression as well as patients with tumor with BCL2 and P53 expression but no MYC expression (P o 0.05) (Figure 4c ). All of these subsets had a worse overall survival than patients with diffuse large B-cell lymphoma without MYC, BCL2, and P53 expression (P = 0.005). These results further suggest an additive negative prognostic effect seen between P53 and MYC expression.
Multivariate Survival Analysis
The IPI is a well-established prognostic factor in patients with diffuse large B-cell lymphoma. Highintermediate/high IPI scores were associated with a worse overall survival in this patient cohort by univariate analysis Po0.0001). MYC-R, MYC expression, P53 expression, and IPI were therefore entered in a multivariate analysis. The results showed that IPI, MYC-R, and P53 expression were independent prognostic factors in this patient cohort (Table 2 ). 
Discussion
It is known that P53 overexpression is associated with a poor prognosis in patients with diffuse large B-cell lymphoma. However, information regarding the role of P53 expression in clinically aggressive subsets of patients with diffuse large B-cell lymphoma, such as tumors associated with MYC-R, It is known that P53 mutation occurs in~20% of cases of diffuse large B-cell lymphoma and patients with mutated tumors have a poorer prognosis. 24, 29, 34, 35 The prognostic significance of P53 expression is controversial. Some studies have reported that P53 expression is a poor prognostic factor in diffuse large B-cell lymphoma, 24, 27 whereas others have shown no prognostic effect. [36] [37] [38] Multiple factors likely contribute to this inconsistency: different patient cohorts with variable clinical features; diverse biological features such as molecular subtypes; differences in treatment regimens used; and different P53 cutoff levels employed. The prevalence of P53 expression in this patient cohort was 33% using a cutoff of 50% positive cells, similar to that of other studies in the literature in which 20-50% of cases of diffuse large B-cell lymphoma were reported to be positive. 24, 26, 29, 36, 39, 40 In this study, P53 expression was associated with a shorter overall survival in diffuse large B-cell lymphoma patients using any cutoff from 20 to 50% in a univariate analysis (results not shown). However, in multivariate analysis only a 50% cutoff showed that overexpression of P53 is an independent poor prognostic factor in patients with diffuse large B-cell lymphoma treated with rituximab based chemotherapy. We also show that P53 expression is associated with a higher rate of central nervous system involvement, higher frequency of an elevated serum LDH level, and higher frequencies of MYC expression and MYC/BCL2 co-expression. Our results further confirm that P53 overexpression have a role in the prognosis of patients with DLBCL.
A number of reports in the literature have shown that MYC-R, MYC expression, MYC/BCL2 double hit lymphoma and MYC/BCL2 double-positive lymphoma are associated with a poorer prognosis. In this study we extend these observations by showing that P53 expression is also a poor prognostic factor in patients with diffuse large B-cell lymphoma with MYC-R, MYC expression, MYC/BCL2 double hit lymphoma, and MYC/BCL2 double expression lymphoma. These data suggest that assessment of P53 expression in diffuse large B-cell lymphoma adds additional prognostic value in patients with aggressive subsets of disease.
Our results also suggest an additive effect between P53 expression and MYC-R or MYC expression. A previous study by Xie et al. 27 showed an enhanced negative effect of MYC and P53 expression in diffuse large B-cell lymphoma patients. In their study, 16 patients with concurrent P53 and MYC expression showed a worse overall survival compared with 19 patients with only P53 expression, 7 patients with only MYC expression, or those patients with lymphoma with neither P53 nor MYC expression. In the current analysis, patients with lymphoma with only MYC (n = 56) or P53 (n = 20) expression had a poorer overall survival than those without P53 and MYC expression, whereas those with both P53 and MYC expression (n = 47) showed the poorest survival, worse than P53 or MYC expression alone. In addition, we further analyzed the effect of P53 in MYC/BCL2 double-positive lymphoma and demonstrated that expression of P53 predict a significant shorter survival. We compared patients with P53 & MYC, P53 & BCL2, and those with MYC and BCL2 co-expression but no P53 expression, and showed that patients with P53 and MYC co-expression had the worst OS, regardless of BCL2 expression status. These data suggest that concurrent expression of P53 and MYC had an additive negative prognostic effect in diffuse large B-cell lymphoma patients. Our results further demonstrated that P53 expression and MYC-R also have an additive negative prognostic effect in diffuse large B-cell lymphoma patients, which has not been reported previously.
The observation that P53 and MYC-R or MYC expression have an additive negative prognostic effect in diffuse large B-cell lymphoma patients likely could be explained by what is currently known about these genes. TP53 is a tumor suppressor gene and is known as the 'guardian of the genome'. TP53 responds to a variety of signals that stress cells including hypoxia, DNA damage (any etiology), and hyperproliferative signals from oncogenes. MYC is an oncogene that can cause lymphoma by its prominent pro-proliferative activity when rearranged or overexpressed. When MYC-induced hyperproliferation occurs, normal P53 will induce cell cycle arrest at the G1 phase of the cell cycle, allowing cells to recover and further repair their damage, or to induce apoptosis to eliminate damaged cells that are not amenable to repair. These functions may prevent lymphoma development or facilitate favorable lymphoma treatment effect by causing lymphoma cell apoptosis during chemotherapy. However, when TP53 is mutated, these tumor suppression functions are lost. Mutated TP53 encodes a protein with a longer half-life than wildtype protein and therefore cells are positive for P53 when assessed by immunohistochemistry. As cell stress and DNA damage increase, lymphoma cells with P53 overexpression likely fail to undergo cell cycle arrest, DNA repair, or apoptosis. Rather, these cells continue to proliferate, allowing for additional oncogenic alterations, and therefore clinically more aggressive disease.
In conclusion, the results presented suggest that P53 expression is an independent prognostic factor in patients with untreated de novo diffuse large B-cell lymphoma and that P53 expression adds additional prognostic information in patients with diffuse large B-cell lymphoma associated with MYC-R, MYC expression and MYC/BCL2 double expression. In addition, P53 expression and MYC appear to have an additive negative prognostic effect in diffuse large B-cell lymphoma patients, regardless of BCL2 status. These results suggest that immunohistochemical assessment for P53 in diffuse large B-cell lymphoma is a practical approach to further improve risk stratification of diffuse large B-cell lymphoma patients, especially when TP53 mutation status is unknown.
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